Dental erosion is a growing health problem linked to the exceptional increase in the consumption of soft drinks, fruit juices, and sport drinks in many countries including Bangladesh. Dental erosion is the chemical dissolution of the dental hard tissues by acids without the involvement of microorganisms. Hydrogen ions (H + ) from acidic solutions can replace the calcium ions (Ca 2+ ) of the enamel, consequently breaking the crystal structure of the enamel and initiating dental erosion. Erosive tooth wear can lead to severe impairment of esthetics along with loss of hardness and functionality. Sources of the erosive acidic challenges can be intrinsic (i.e., gastroesophaegal reflux disease) and/or extrinsic (i.e., exposure from acidic foods and beverages). Continuous intake of drinks or food with pH lower than the critical erosive pH of enamel (5.2-5.5) and root dentin (~6.7) are considered to be responsible for dental erosion. Drinks with low pH and high titratable acidity (TA) have more potential to dissolved enamel and root dentin; on the other hand, drinks with low degree of saturation can stimulate leaching of minerals. In Bangladesh, there is limited scientific information available to assess the potential of dental erosion of the commercially available beverages and drinking water. This research aims to characterize the dental erosion potential of soft drinks, energy drinks, fruit juices, and bottled drinking water available in Bangladesh by determining their pH, TA, calcium (Ca 2+ ), and phosphate (PO 4 3− ). The degrees of saturation of the selected samples were calculated from the experimental results of pH, calcium, and phosphate levels. Soft drinks were found to have high erosion potential followed by energy drinks, fruit juices, and bottled drinking water. Most of the beverages locally available were found highly acidic. Phosphate levels were high in black cola drinks. Total TA was highest for the energy drinks, and moderate for soft drinks and fruit juices. Fruit juices contained high level of calcium compared with other beverages. The degree of saturation was moderate for fruit juices, and very low for few of the soft drinks and most of the bottled drinking waters. This study will be useful as a reference line for the health professionals and regulatory authorities for quality control of the beverages and bottled drinking water available in the local market.
Introduction
Dental erosion is the acidic dissolution of enamel and dentinthe major components of dental hard tissue. Erosive tooth wear has progressively become a major concern for detrimental dental health [1, 2] . Dental enamel is composed primarily of hydroxyapatite, Ca 5 (PO 4 ) 3 (OH), and impurities such as carbonate and fluoride. Dental erosion refers to the dissolution of tooth structure under continuous exposure to low pH, while not being associated with bacterial infection [4] . Replacement of minerals, primarily calcium from enamel or hydroxyapatite, can induce degradation of teeth structure and upon long-term exposure can lead to severe deleterious impacts on dental esthetics and functionality such as loss of strength [1] . Etiological studies report two major classifications of the causes of the dental erosionintrinsically by the gastroesophegal reflux disease, and extrinsically due to the exposure toward the acidic food and beverages [5] [6] [7] . Prolonged contact between either extrinsic or intrinsic acids with tooth surfaces can cause softening and dissolution of surface minerals.
Dental erosion potential from regular diet can be appreciated from the pH and titratable acidity (TA) values of the commonly available drinks and food [8] [9] [10] [11] . Erosion of root dentin and enamel happens when pH values reach threshold values of 6.7 and 5.2-5.5, respectively [12, 13] . Fruit and vegetable juices, soft drinks, sports and energy drinks, and some bottled drinking water can have pH lower or around critical erosive pH [8] [9] [10] 14, 15] . While pH (or -log[H + ]) provides the amount of hydrogen ions (H + ) that will be available to cause replacement of minerals (e.g., calcium) from tooth structure, TA provides the amount of alkali required to neutralize the acid, that is, the erosive capacity of the food or beverage. In combination with these parameters, the mineral contents of calcium (Ca 2+ ) and phosphate (PO 4 3− ) ions in the food/drinks and saliva provide the degree of saturation [9] . Other parameters dictating the dental erosion potential include consumption frequency, temperature of the drinks, oral hygiene, etc [16, 17] .
Prevalence of erosion-induced teeth degradation has been increasing among both young and adult population around the world including Bangladesh [2, 18] . A recent survey showed that 52% of the 147 participating pregnant women presented with the prevalence of moderate to severe dental erosion [19] . This erosion prevalence may be attributed not only to the increased consumption of low pH drinks (as predicted from market research data) but also from poor oral hygiene practice, lack of dental education, and unaffordable dental care among general population of Bangladesh [20] [21] [22] . Thus, identifying the sources of such erosion including the dental erosion potential of locally available soft drinks, energy drinks, fruit juices, and bottled drinking water has become significant.
The present study aimed to experimentally measure dental erosion potential indicating key parameters, such as pH, TA, phosphate (PO 4 3− ), and calcium (Ca 2+ ) contents, of the soft drinks, energy drinks, fruit juices, and bottled drinking water available in the local market of Bangladesh, and to evaluate the potential erosive hazard associated with these drinks. The degree of saturation of the above drinks was also calculated and analyzed to characterize their dental erosion potential.
Materials and methods

Sample collection
Locally available and/or produced beverages and bottled drinking water samples were collected from different markets and super shops of Dhaka, Bangladesh. The collected samples were broadly classified into four categories: (a) soft drinks (13 brands), (b) energy drinks (4 brands), (c) fruit juices (12 brands; all were mango juices), and (d) bottled drinking water (8 brands). For each brand, three samples from different production batches were collected.
Chemical analyses
All the chemicals used were reagent grades. Each test was repeated three times (i.e., samples from three batches and three tests for each sample) and the average results were used for further analysis. All the tests were carried out at room temperature. The pH of each sample drink was measured immediately upon opening. A calibrated bench-top pH meter (Hanna HI2211) was used to measure pH of the samples. A HACH Model 44600 Conductivity/TDS Meter was used to measure the TDS of the samples. The TDS of each sample drink was measured immediately upon opening. For carbonated samples, however, the samples were allowed to sit till some of the gas escaped. The TA of each sample was measured by titrating 25 mL of each sample with 0.1 M NaOH, using phenolphthalein as the indicator. For the samples with an intense color (e.g., black cola), the samples were diluted for accuracy to determine the titration endpoint. The calcium (Ca 2+ ) concentrations in the samples were determined using complexometric titration method. Ethylenediaminetetraacetic acid (EDTA) solution was prepared by dissolving 1.4612 g of reagent grade EDTA (Sigma Aldrich) in 500 mL of water to prepare a 0.01 M solution. A pH 11 buffer solution was prepared to maintain an alkaline environment which would help any magnesium precipitate; else the EDTA would simultaneously complex with the magnesium ions. Then, 25 mL of the samples were titrated with the EDTA solution, using Calcon as the indicator. The phosphate content of the beverage samples were measured using spectrophotometer (Hach UV/vis spectro-photometer, DR4000). Now, 10 mL samples of the beverages were taken into cuvettes, diluted appropriately so as to reduce color effect or reduce the phosphate (PO 4 3− ) concentration below the maximum threshold of the equipment. Using the preset program for determining total phosphate as orthophosphate, the procedure was carried out. Dental samples were analyzed via scanning electron microscopy (acceleration voltage = 3.0 kV; JSM-7600F SEM). SEM images were taken before and after dissolution of dental samples in beverages (Fanta, Speed, and Fruitika) for 10 days.
Dental erosion potential characterization
Acidity and dissolution
The dental erosion potential of soft drinks and food items can be characterized using pH and TA [8, 9, 23] . Beverages with pH values below 6.7 and 5.2-5.5 can potentially cause erosive wear to root dentin and enamel, respectively [3, 24] . Soft drinks, including carbonated beverages, fruit juices, and energy drinks, are considered highly acidic; therefore, continuous consumption of such drinks can lead to dental erosion [8, 9, 14, 23, 25] .
High acidity or a low pH implies the presence of high concentration of hydrogen ions (H + ) that will be available to cause replacement of minerals (e.g., calcium) from tooth structure. On the other hand, TA indicates the amount of alkali required to neutralize the acid. Therefore, TA is also known as buffering capacity. The greater the buffering capacity (i.e., TA) of the drink, the longer it will take for the saliva to neutralize the acid [24] . TA works as a better indicator of dental erosion than pH. pH gives an indication of the equilibrium concentration of hydrogen (H + ) ions but does not provide a measure of the free hydrogen ions that can cause demineralization.
Calcium and phosphate
Calcium (Ca 2+ ) and phosphate (PO 4 3− ) contents of beverages are important factors influencing erosive potential. Different research groups demonstrated that the enamel loss is lower for the people who consume the calcium fortified drinks than for the people drinking conventional orange drinks [26, 27] . Scientists have suggested that fortifying dentally erosive drinks with calcium and phosphate reduces the erosive potential of the drink on tooth surface [26, 28, 29] . Added calcium and phosphate saturate the drink with respect to hydoxyapatite mineral [Ca 5 (PO 4 ) 3 OH] of the enamel [26] .High levels of calcium in the solution blocks the release of calcium ions (Ca 2+ ) from the enamel surface [30] .However, a high concentration of calcium in beverages may cause an unpleasant metallic taste [6] .
Degree of saturation
The degree of saturation is the driving force for the dissolution process. This parameter is a potential indicator to show how far the mineral composition is from equilibrium [31] . A high degree of saturation inhibits demineralization of the enamel and dentin. The loss of minerals and re-mineralization of enamel is a constant process. The equilibrium between the tooth enamel and the fluid surrounding the tooth surface is influenced by the degree of saturation. A critical pH value of a beverage controls the dissolution of minerals from tooth. However, this critical pH is not a fixed value, and it depends on the concentration of other ions such as calcium and phosphate. The pH of saliva is higher than the critical pH for tooth, and is supersaturated with respect to enamel. Due to its mineral content of calcium, phosphate, and fluoride, saliva can possess a reparative effect on early enamel erosion which is characterized by surface softening and slight subsurface mineral loss [4] . The degree of saturation could be calculated with respect to hydroxyapatite by determining the pH, calcium, and phosphate contents of the beverages [4] . For hydroxyapatite: [32] 
where I is ion activity product of hydroxyapatite (mol 9 L -9 ), [Ca 2+ ] is concentration of calcium in the solution, [PO 4 3− ] is concentration of phosphate in the solution, [OH -] is concentration of hydroxyl ions in the solution. The degree of saturation S is calculated using the following equation:
where K SP is solubility product of enamel (mol 9 L -9 ), n is total number of ions in the formula unit (n = 9 in the case of hydroxyapatite). Researchers demonstrated that the solubility of apatite increases logarithmically with decreasing pH [14] , for example, the solubility of apatite increases from 75 g/L at pH 3 to 400 g/L at pH 2.5. Besides the presence of ions and degree of saturation, other factors such as frequency of consumption, buffering capacity of saliva, temperature of the drinks, and oral hygiene have shown to impact the absolute erosion caused by the drinks [16, 33] .
Results
The mean values of the experimental results of pH, TA, phosphate and calcium contents, and the calculated values of degree of saturation of soft drinks, energy drinks, fruit juices, and bottled drinking water are shown in Table 1 , and are graphically presented in Figs. 1-4 . The degree of saturation was calculated using Eq. (2) and average values of the related parameters.
Soft drinks
Prolonged exposure of teeth to food or drinks with pH values below critical dental erosive pH values can lead to dissolving of potential dental hard tissue [24, 34, 35] . Most of the soft drink samples had low pH values, with the black cola drinks having the minimum: below pH 3 (Fig. 1a ). The TA of soft drink samples varied from 1490.3 to 2356.5 ppm (Fig. 1b ). Low pH and high level of TA in soft drinks can dissolve protective protein layers deposited on teeth by salivary fluid [24] . After dissolving the protective protein layers, the drinks can diffuse inside the enamel and can cause leaching of minerals.
Most of the soft drink samples contained moderate level of calcium (Fig. 1d ). Fanta and black cola drinks, which include CocaCola, Pepsi, RC Cola, Virgin Red, and Mojo, contained high levels of phosphate (Fig. 1c ). White and colored soft drinks such as Sprite, 7Up, Mirinda Orange, Mountain Dew, Uro Orange, Clemon, and Appy Fizz contained very low level of phosphate, ranging from 0.1 to 2.3 ppm (Fig. 1c) .
Degree of saturation of a drink is directly proportional to its calcium and phosphate contents, and pH value. Because of very low phosphate contents, the degree of saturation of white and colored soft drinks were less than that of Fanta and black cola drinks (Fig. 1e ). Low degree of saturation indicates the soft drinks under saturated with respect to hydoxyapatite mineral, and therefore, more likely to cause dental erosion [26] .
Energy drinks
The energy drink samples had slightly higher pH than the soft drinks: 3.0-3.5 (Figs. 1a and 2a) , and TA values were much higher than other beverages and bottled drinking water ( Table 1, Figs. 1b, 2b, 3b, and 4b). Low pH and high level of TA indicate that the energy drinks may possess high dental erosion potential. All the energy drink samples contained moderate amount of calcium (Fig. 2d) . However, the phosphate levels in energy drinks were found to be very low, ranging from 0.2 to 1.2 ppm (Fig. 2c) ; therefore, the calculated degree of saturation of energy drink samples were found lower than that of fruit juices, Fanta, and black cola drinks ( Table 1 , Figs. 1e, 2e, and 3e ). Low degree of saturation indicates the energy drinks likely to cause dental erosion through leaching minerals. Other studies carried out on sport and energy drinks show that they have a high erosion potential relative to other drinks, which is consistent with studies from other countries [23, 25] .
Fruit juices
Fruit juices were also found acidic in nature (pH ranging from 3.4 to 3.9), and contained high level of TA as soft drinks (Figs. 3a and 3b) , which indicates high erosive potential of the fruit juices. The concentration of phosphate content of fruit juice samples were found to be very low (Fig. 3c) . The calcium contents of the fruit juices were higher compared with that of soft drinks and energy drinks ( and 3d). Ceres Mango was found to be more acidic with higher TA (Fig. 3b) , while Sundrop exhibited the highest calcium and phosphate content among all the juice samples ( Figs. 3c and 3d ). All the fruit juices homogeneously exhibited moderate degree of saturation (Fig. 3e ). This high calcium/phosphate ratio and moderate degree of saturation can reduce the erosive potential of the drink [30] .
Bottled drinking water
The experimental results show that all the bottled water samples had a pH around 7 (ranging from 7.0 to 7.8), and negligible amount of TA (ranging from 0.0 to 59.2 ppm) ( Table 1 ; Figs. 4a and 4b) .
Low TA and neutral pH range indicates that bottled drinking water samples are unlikely to dissolve dental enamel and root dentin. However, all the bottled drinking water contained very low amount Figs. 4c and 4d ). Among the samples, Spa and Evian showed high calcium content. With the exception of Evian and Spa, the other water samples had low degree of saturation (Fig. 4e) , which indicates those bottled drinking water samples have the potential to stimulate leaching of minerals from dental enamel and root dentin.
SEM image of dental sample SEM images were taken before and after dissolution of dental samples in beverages for 10 days (Fig. 5 ). It was found that dental samples exposed to Fanta, Speed, and Tiger were eroded and lost the shiny upper layer ( Fig. 5a ). Figure 5b shows that exposure of dental sample to Sprite for 10 days caused the tooth surface eroded and cracked. The reason could be the dissolution of enamel of dental sample in beverage.
Discussion
The experimental results show that most of the beverages locally available were highly acidic, with the soft drinks category having the lowest pH values, followed by the energy drinks, and the fruit juices. The bottled drinking water samples had pH values close to 7. It is noticeable that all of the beverage samples had a pH below 4.0, which is way below to the critical erosive pH values for enamel (5.2-5.5) and dentin (~6.7). Total TA was the highest for the energy drinks, moderate for soft drinks and fruit juices, and the lowest for bottled drinking water. High TA values indicate high buffering capacity of the beverages. Low pH and high TA drinks require high amount of alkali to neutralize the acid, and possess high potential to dissolve the minerals of enamel and dentin [24] . Fruit juices contained high level of calcium compared with other beverages. On the other hand, phosphate levels were high in Fanta and black cola drinks, and negligible in other drinks. Presence of minerals can induce resistance to dissolution, which can somewhat alter the erosive potential [9, 24] . Because of the low mineral and phosphate contents, the degree of saturation was very low for few of the soft drinks and most of the bottled drinking waters, and moderate for fruit juices. Therefore, these drinks have the potential to stimulate leaching minerals from the enamel and dentin. The supplementation of beverages with calcium and phosphate seems to be a viable alternative to reduce the erosive potential of the drinks.
SEM images demonstrated that prolonged exposure of dental sample to beverage could cause the tooth surface to erode and crack. The experimental results showed that erosive beverages could cause the dissolution of phosphate and calcium contents of dental samples when exposed to these beverages. Dental erosion is one of the major concerns of detrimental dental health [36] . Dental erosion caused by beverages and bottled water is a complex phenomenon that depends on the key parameters and conditions. Along with the physicochemical parameters, it is also important to analyze biological and behavioral factors [37] . and to perform in vitro analysis of beverages and bottled waters using real dental sample. Considering a single key parameter may not represent the true dental erosion potential of a beverage or bottled drinking water sample. As an example, a rather neutral or low TA drink is less likely to dissolve the hard tissues of dental samples. However, if the drink possesses low degree of saturation, then it may stimulate leaching of minerals of a dental sample with fractured or dissolved enamel layer.
Worldwide dental erosion has been increasingly prevalent among the young and adult population; however, teenage males and teenage females are at higher risks of dental erosion because of the consumption of large amounts of acidic beverages [38] [39] [40] . In Bangladesh, about 47.8% of the population is within the age group of 0-24 years [41] . Therefore, the dental health of this large population is a major concern for Bangladesh (and for other countries in similar situation). Awareness and early detection of dental erosion will allow to take preventive measures. To reduce dental erosion, different preventive actions may be suggested, such as to consume modified drinks, to improve dental hygiene, and to improve drink pattern of acidic beverages. Drink modification has been developing in recent years with varying success [42] [43] [44] [45] . Addition of calcium has shown to reduce the erosive potential of beverages [42] [43] [44] [45] [46] .
The frequency and duration of acid (i.e., acidic beverages) contact are important variables for the development of dental erosion [47, 48] . Special drinking habits such as holding or moving the liquid in the mouth prior to swallowing, drawing from a straw, or nipping from a bottle lead to prolonged duration of an acidic-pH liquid in the oral cavity [49] . Therefore, it is advisable to abstain from these drinking habits to reduce the duration of erosive attack. In addition, saliva plays an important role in reducing enamel and dentin erosion due to its buffering and remineralization capacities, and ability to form a protective pellicle layer on dental hard tissues [50, 51] . Stimulation of salivary flow can yield an increase in salivary mineral content, which can re-deposit calcium and phosphate onto the enamel and dentin surface, and minimize dental tissue loss [52, 53] . Chewing sugar-free gums may stimulate saliva production, and hence, promote remineralization [54] . Furthermore, rinsing with milk, or eating cheese may increase remineralization, as they contain higher levels of calcium and phosphate [55, 56] .
This study aimed to conduct systematic scientific research to characterize dental erosion potential of beverages and bottled drinking water in Bangladesh, and to perform in vitro analysis using dental samples. This article reports the dental erosion potential of soft drinks, energy drinks, fruit juices, and bottled drinking water available locally in terms of their pH, TA, PO 4 3− , Ca 2+ , and degree of saturation. The in vitro analysis of dental samples using selected beverages and bottled drinking water will be addressed in a separate article. In Bangladesh, there are very limited primary data (or no data) available to analyze the dental erosion potential of the locally available soft drinks, fruit juices, energy drinks, and bottled drinking waters. Therefore, the results presented in this article will serve as the baseline data to the health professionals, researchers, regulatory authorities, and government policy-makers to conduct future studies, and to manage and monitor the dental erosion caused by beverages and bottled drinking waters available in Bangladesh.
Conclusion
This research work showed that beverages commonly available in Bangladesh have dental erosion potential based on the values of different physicochemical properties affecting enamel dissolution, and may cause enamel erosion on long-term consumption. Low pH and high TA, which indicate high potential to dissolve enamel and root dentin, were found to be the common criteria of the locally available soft drinks, energy drinks, and fruit juices. However, the moderate degree of saturation of fruit juices, and high degree of saturation of few soft drinks including black cola and Fanta, indicates possible inhibition of demineralization of enamel and dentin. Bottled drinking water appears to have lower TA and neutral pH, and therefore, less likely to dissolve enamel or dentin. However, most of the bottled drinking water samples showed very low degree of saturation, which indicates regular consumption may stimulate mineral removal from enamel and dentin by leaching.
Raising the degree of saturation of certain drinks may inhibit dissolution to a certain extent. Hence, fortification of beverages with calcium and phosphate can reduce the impact of the acidity of the drinks. Evaluation of dental erosion potential of beverages and drinking water reported in this study will help conducting in vitro analysis to model the dynamics of dental erosion, and will serve as the basis for determining the potential erosion risk toward the population of Bangladesh. Early intervention can help create awareness among general public, health workers, and nutritionists about the potential risks.
